A double-surfactant-layer-assisted polymerization method was designed to prepare well-controlled core/shell metal oxide/polyaniline (c/s-MO/PANi) nanocomposites. Monodispersed and uniform core/shell nanocomposites including c/s-CuO/PANi, −Fe 2 O 3 /PANi, −In 2 O 3 /PANi and −Fe 2 O 3 /SiO 2 /PANi were successfully prepared using this polymerization method. By the removal of the cores for the resulting c/s-MO/PANi nanocomposites, hollow PANi capsules with different shapes and sizes were obtained. Our method provides a facile and effective way to design novel core/shell nanostructures with diverse functionality and high colloidal stability.
Introduction
The synthesis of nanocomposites of core/shell inorganic nanoparticle/polymer has attracted much research attention in recent years because the core/shell nanocomposites might exhibit dual physical properties of core and shell materials [1] [2] [3] .
In particular, the nanocomposites of core/shell metal oxide nanoparticles/conducting polymer (c/s-MO/polymer) combine the electrical properties of the polymer shell and the magnetic, optical, electrical or catalytic characteristics of the metal oxide core, which could greatly widen their applicability in the fields of catalysis, electronics and optics [4] . Many efforts have been made to successfully prepare nanocomposites such as c/s-SnO 2 , −SiO 2 , −CeO 2 or −Fe 2 O 3 /polypyrrole by chemical preparation and electrochemical method [5] [6] [7] [8] . These c/s-MO/polypyrrole nanocomposites might exhibit quite different characteristics than the individual materials, for example, the electrical conductivity and the stability of the ZrO 2 /polypyrrole nanocomposites are much improved over that of bare polypyrrole [9] . Besides the preparation of c/s-MO/polymer, the synthesis of hollow conducting polymer capsules is expected to become much feasible by the chemical removal of the metal oxide core of the c/s-MO/polymer. The resulting conducting polymer capsules with controllable hollow structure have shown promising prospective applications such as controllable release, drug delivery, heterogeneous catalysis and protection of enzymes and proteins [10, 11] .
The challenge for the preparation of the c/s-MO/polymer is how to generate the polymer coating uniformly and completely on the surface of the metal oxide core by a polymerization reaction in a solution phase.
The key issue aims at slowing down the rate of polymerization and controlling the polymerization on the surface of the core rather than in the solution. To obtain this, several methods have been developed for coating a polymer shell uniformly on metal oxide nanoparticles, including layer-bylayer deposition [1, 2] , cross-linking of polymeric micelles surrounding the inorganic cores [12, 13] and surface polymerization [14, 15] from particle-bound initiators. The fabrication of c/s-MO/polyaniline is particularly of interest because polyaniline (PANi) is one of the most important conducting polymers with high conductivity, ease of synthesis, and good environmental stability [16, 17] . Although the preparations of micrometre-sized latex particles [18] [19] [20] [21] or silica spheres [22, 23] coated with PANi have been reported previously, the synthesis of c/s-MO/PANi is still lacking. The major problem regarding coating PANi onto metal oxide nanoparticles is that the polymerization is required to be performed in a strong acidic condition in general. This has resulted in the core of the metal oxide nanoparticles usually being etched away during the polymerization process.
Herein, we have developed a new synthetic route for the fabrication of c/s-MO/PANi. A double-surfactant-layer (DSL)-assisted polymerization method was designed to control the polymerization of PANi onto the surface of various metal oxide nanoparticles including copper oxide, hematite, indium oxide and c/s-Fe 2 O 3 /silica nanoparticles. The results showed that a homogeneous shell of PANi polymer has been formed uniformly on the core of metal oxide nanoparticles, and the thickness of PANi shell was tunable. By etching the metal oxide core, hollow PANi capsules have been successfully obtained.
Experimental section

Preparation of metal oxide core
Monodisperse metal oxide particles were synthesized according to [24] [25] [26] [27] 2 and 0.5 M urea at 358 K for 2 h. To improve the stability of the metal oxide core, the resultant copper oxide, hematite, indium oxide and the silica-coated hematite particles were respectively redispersed in a solution composed of 120 ml distilled water and 10 g polyvinylpyrroldine (PVP: MW 58 000). The mixtures were treated ultrasonically for 12 h to guarantee that the adsorption of PVP was complete. To remove unabsorbed PVP molecules, the dispersion was centrifuged and washed with ethanol several times.
Preparation of core/shell nanocomposites and polymer capsules
In a typical reaction, a certain amount of resultant PVPstabilized metal oxide particles was redispersed in a solution composed of 50 g distilled water, 0.08 g sodium dodecyl sulfate (SDS), and 0.01 g (NH 4 To obtain hollow PANi capsules, the resultant productions were immersed in 1.0 M HCl for 24 h. The hollow PANi capsules from the c/s/s−Fe 2 O 3 /SiO 2 /PANi nanocomposites were obtained by using 1 wt% HF to etch the silica layer and 1.0 M HCl to etch the Fe 2 O 3 layer (Note that HF is highly toxic. It should be handled and stored in appropriate containers in a well-ventilated fume hood and used with safety equipment.)
Characterization
Transmission electron microscopy (TEM) was carried out with Hitachi 7100 and TECH NAI G2 transmission electron microscopes operating respectively at an acceleration voltage of 75 kV and 200 kV. Scanning electron microscopy (SEM) images were obtained with a LEO 1530 microscope operating at an acceleration voltage of 5.0 kV. Fouriertransform infrared (FT-IR) spectra were recorded on a Bomem MB 100 spectrometer. X-ray diffraction measurement was performed with a Siemens Advance/D8 series 2 diffractometer. Ultraviolet-visible (UV-vis) spectra were recorded on a Hewlett-Packard 8453 ultraviolet-visible-near-IR (UV-vis-NIR) spectrophotometer. Figure 1 shows schematically the synthetic route for the preparation of c/s-MO/PANi using the DSL-assisted polymerization method. First, metal oxide nanoparticles were prepared according to the method given in previous reports [24] [25] [26] [27] . Then the prepared metal oxide nanoparticles were modified by polyvinylpyrroldine (PVP) to improve their dispersibility in solution. The resultant modified metal oxide nanoparticles were redispersed in aqueous solution. Before the polymerization reaction, sodium dodecyl sulfate (SDS) was subsequently added to the solution. A double-surfactant layer, the PVP-SDS layer, was expected to form with the polar amide groups of PVP surrounded on the surface of the metal oxide core and the negative side of SDS molecule facing out to the solution. Afterwards, the aniline monomers were added and converted to cationic anilinium ions (An + ) in an acidic condition. The An + were adsorbed on the surface of the metal oxides due to static interaction. The adsorption results in great increase of the local concentration of aniline monomer near the core surface. This is favourable for the initial polymerization of aniline under low monomer concentration. Once aniline nucleation was generated, the polymerization usually took place preferentially and continuously in the close proximity of existing PANi [28] . Hence, the polymerization was successfully initiated, propagated and terminated on the surface of metal oxide core rather than in solution. Eventually, a homogeneous, continuous and uniform PANi shell was formed on the surface of the metal oxide core. Furthermore, hollow PANi capsules were obtained by the subsequent removal of the template. Figure 2 shows the TEM images of c/s-CuO/PANi nanocomposites and hollow PANi capsules prepared via the synthetic route. A continuous layer, which exhibited a fine increment in brightness in comparison to the dark inner core, was clearly observed on the outer shell of the CuO nanoparticles, as shown in figure 2(a) . The sizes of the CuO nanoparticles were maintained before and after the reaction in acidic conditions. This means that the CuO nanoparticles act as a template for the deposition of PANi during the reaction. The thickness of the shell was about 60 ± 5 nm here. The thickness was easily controlled through adjustments of the initial concentration of the aniline monomer in the reaction. Typically, the thickness of the shell was 75 ± 5 nm with 12 μl aniline ( figure 2(b) ) and it was 36 ± 5 nm with 8 μl aniline ( figure 2(c) ). These results demonstrated that monodisperse c/s-CuO/PANi nanocomposites were easily obtained using this DSL-assisted polymerization method. Figure 2(d) shows an image of the hollow PANi capsules, which were obtained by etching the CuO templates with HCl solution. It can be seen that although CuO particles had been removed, the structural and dimensional stability of the PANi capsules was still maintained. The size of the hollow PANi capsules was 700 ± 10 nm and the polymer shell was 60 ± 5 nm. The successful polymerization of aniline onto the metal oxide core was further confirmed by Fourier transform infrared spectroscopy (FTIR) as shown in figure 3(a) . The characteristic peaks of the c/s-CuO/PANi appeared at 1571, 1491 and 1294 cm −1 , due to quinone ring deformation, benzene ring deformation and C-N stretching of a secondary aromatic amine, respectively [29, 30] . Also, the band at 1042 cm −1 was ascribed to the absorption of the -SO 3 H group, suggesting that the PANi shell is also doped with a little SDS [31] . The x-ray diffraction patterns of c/s-CuO/PANi are shown in figure 3(b) . There are seven obvious peaks representing Bragg reflections of copper oxide, while the broad peak representing the periodicity parallel to the polymer chains of PANi [32] was not clearly observed at the 2θ value of 25
Results and discussion
• due to the weak intensity in comparison to the copper oxide peak. Results from both FTIR and x-ray diffraction measurements have provided additional evidence that the polymerization of PANi has been successfully obtained on the surface of the CuO nanoparticles. Figure 4 (a) shows the UV-vis absorption spectra of c/sCuO/PANi for several values of the pH in the solution. The doped PANi exhibited three characteristic absorption bands at ∼340, ∼420, ∼800 nm wavelength at pH = 3, which are attributed to π−π * , polaron-π * , and π-polaron transitions, respectively [33] . The results suggested that the prepared PANi was in a doped state and was in the form of emeraldine salt with high conductivity. When the pH of the solution was increased up to 8, both the polaron band at 420 nm and π−π * band at 320 nm gradually disappeared. A strong absorption band at 600-570 nm appeared, which was due to the exciton transition of the quinoid rings [34] . At pH = 12, the absorption maximum shifted to ∼524 nm, in agreement with the value reported previously [35] . These results indicated that PANi was completely transformed from the emeraldine salt to the emeraldine base form by the deprotonation of PANi as the pH increased. Figure 4(b) is a photograph that shows the colour changes of the c/s-CuO/PANi against the pH of the solution. The solution exhibited clearly green, blue and violet colours at pHs of 3, 8 and 12, respectively. The colour change was a reversible process reflecting the doped and de-doped process of PANi between acidic and basic forms. This pH-induced redox reversibility confirms that the formation of the PANi shell is in an electroactive form and the c/s-MO/PANi is quite sensitive to the change of solution pH.
We also extended this synthetic route to the preparation of other types of c/s-MO/PANi nanocomposites. Figures 5(a) figure 5(c) . These spindle-shape hematite particles were first coated with a layer of silica using the solgel method, in which the thickness of the silica shell was 60 nm. Then a thin layer of PANi was deposited on the surface of c/s-Fe 2 O 3 /SiO 2 particles using the DSL-assisted polymerization method. The results above suggested that the hematite, indium oxide and core/shell Fe 2 O 3 /SiO 2 particles really acted as templates for PANi deposition onto their surface. Furthermore, the results indicated that our method has provided a general route for the preparation of a broad range of c/s-inorganic nanoparticle/polymer nanocomposites regardless of their morphologies, sizes and composites. Figures 5(d)-(f) show the images for hollow PANi capsules after removing the templates. After etching away the hematite and indium oxide cores respectively, spindle-shape ( figure 5(d) ) and olivaryshape (figure 5(e)) PANi capsules were prepared. The ellipsoidal-shape hollow PANi capsules in figure 5(f) were obtained by subsequently etching the silica layer and the hematite cores. It can be seen from the images that all the shell of the polymer capsules kept the original structure after removing the cores. These special core/shell metal oxide/polyaniline nanocomposites and hollow PANi capsules may be a potential candidate for applications in the controlled release of encapsulated active ingredients (e.g. drugs, and biomolecules) under well-defined conditions.
On the basis of SEM images, we found that the surface of the resultant PANi shell showed different roughness depending on the cores either metal oxide or nonmetal oxide. As shown in figure 6 , the surface of the c/s/s- 
Conclusion
A double-surfactant-layer-assisted polymerization method was developed for the preparation of well-controlled core/shell metal oxide/polyaniline nanocomposites.
Metal oxide nanoparticles, including copper oxide, hematite, indium oxide and c/s-Fe 2 O 3 /SiO 2 , were successfully coated with a layer of PANi on their surface regardless of their morphologies and sizes.
By etching the cores of the prepared c/s-MO/PANi nanocomposites, hollow PANi capsules maintaining the original template shape were obtained. Our method provides a facile and effective way to design novel c/snanostructures with diverse functionality and high colloidal stability.
